We estimated site potentials for respective Li ions in the unit cell of Li 4 SiO 4 crystal structure using the VESTA program and examined relation between the estimated site potentials and reactivity of the respective Li ions to CO 2 . Values of the estimated site potentials for the respective Li ions were distributed over a range of the shallowest level (¹11.6 V) to the deepest level (¹17.3 V). It is forecasted that the depth of these potentials would relate with reaction between CO 2 and the respective Li ions in the unit cell of the Li 4 SiO 4 crystal structure.
Li-complex oxides are expected to be candidate materials as solid CO 2 absorbents capturing CO 2 emitted from manufacturers, power plants, and chemical processes such as methane-reforming reaction. 1) In 1998 and 1999, Nakagawa and Ohashi reported that Li 2 ZrO 3 can absorb CO 2 , and then reported that the oxide can be a novel solid CO 2 absorbent.
2)4) However, the CO 2 absorption property seemed not to be excellent because the CO 2 absorption rate of Li 2 ZrO 3 was not sufficiently fast for the application. After their reports, many other researches have been reported on synthesis and CO 2 absorption properties of other Licomplex oxides such as Li 4 SiO 4 , 5)10) LiFeO 2 , 11),12) Li 4 TiO 4 , 9), 13) and Li 2 CuO 2 .
9),14) 16) In these oxides, Li 4 SiO 4 is the most expected to be excellent solid CO 2 absorbent because of its high CO 2 absorption rate and its superiority in repeated use. The gassolid reaction between CO 2 and Li 4 SiO 4 , shown below as reversible reaction (1) , is already well-known. 5)9) According to the previous reports, this reaction formula has no water in and is not under a supercritical state, but is under ordinary pressure. Just so there's no confusion, for Li 4 SiO 4 oxides, two kinds of phases with each structures have been known. One of them is phase with the structure P2 1 /m (No. 11), 17) and the other one is £ phase with the structure P¯ı (No. 2).
18) It is already known that the Li 4 SiO 4 phase which can react with CO 2 according to the reaction (1), is the former phase. 5),7),10) On the other hand, there are no previous reports which experimentally confirmed that the latter (£) phase could react with CO 2 although a previous report showed that reaction heat ¦H of the £ phase in reaction (1) was calculated by first-principles DFT 19) as a trial. The forward reaction (1) corresponds to CO 2 absorption and the reverse reaction corresponds to CO 2 desorption. The equilibrium temperature, where the reaction Gibbs free energy ¦ r G°i s zero, is calculated as 710°C using thermodynamic data. 5) Several researchers have evaluated the CO 2 absorption properties of Li 4 SiO 4 and obtained about 36 mass % as the maximum CO 2 absorption around 700°C, 5)9) which is consistent with the theoretical value calculated from the reaction (1) formula {molecular weight (CO 2 )/molecular weight (Li 4 SiO 4 ) = 0.367}. According to the reaction (1), two Li ions of four Li ions in the formula of Li 4 SiO 4 seems to react with CO 2 . On the other hand, Kato et al. synthesized Li 2 SiO 3 , which is a reaction product from reaction (1), and showed that Li 2 SiO 3 hardly reacted with CO 2 , 5) that is, the reaction (2) hardly progressed rightward. For reaction mechanisms of these reactions between the lithium silicates and CO 2 , there are expectations that Li + ion diffusivity in the solid phase or CO 2 diffusivity from outside of the solid phase would play an important role in determining the reactivity or reaction rate. 5)9), 20) In addition, Jensen et al. reported a mechanism for the formation of CaCO 3 or MgCO 3 through gas adsorption behavior on the solid surface of CaO or MgO single crystal under ordinary pressure. 21) However, researches on mechanisms of gassolid reactions between CO 2 and metal oxides have been under investigation.
In this study, we simply tried to estimate site potentials (Madelung potentials) for respective Li ions in the unit cells of Li 4 SiO 4 , Li 2 SiO 3 , Li 2 CO 3 using structural parameters of these substances and consider relations between reactivity of these Li ions to CO 2 and estimated values of the site potentials of these substances, instead of first-principle DFT calculation.
Calculation of Madelung potentials for respective cations and anions in unit cells of ionic substances is sometimes performed as a method in order to estimate stability for the cations and anions in the ionic substances. 22 ), 23) In other words, Madelung potentials is comparable to site potentials in unit cells of crystal structure. They are estimated using e.g. Born-Mayer equation, 24) and so on. In this study, first, values of site potentials )(V) for cations and anions in the unit cells of Li 4 SiO 4 , Li 2 SiO 3 , Li 2 CO 3 were estimated according to the following procedures.
The MADEL program in the VESTA program 25) were used for estimation of site potentials )(V) for cations and anions in the unit cells of Li 4 SiO 4 , Li 2 SiO 3 , Li 2 CO 3 . In case that Li + ion exists on a site with a site potential )(V), potential energy U i of the Li + ion may as well be given as U(J) = +1 © 1.60 © 10 ¹19 (C) © )(V) or U(eV) = +1 © )(V). Thus, the potential energy U(eV) is numerically equal to the site potentials )(V) for Li + ions. At the same time, )(V) depends on distances d between cations and anions or cations and cations or anions and anions, and z valences of these ions. Those distances d are determined by structural parameters measured using X-ray and neutron diffraction. Therefore, structural parameters are necessary in the estimation of site potential )(V) or potential energy U(eV).
For calculations of distances d, structural analysis data with space group and lattice parameters for Li 4 SiO 4 , Li 2 SiO 3 , Li 2 CO 3 reported in the previous papers 17),26),27) were chosen. It was confirmed that these structural data accurately fitted to X-ray diffraction patterns measured from synthesized Li 4 SiO 4 , Li 2 SiO 3 , Li 2 CO 3 . In addition, unfortunately, accurate chemical valences of the cations and anions are uncertain, thus, the chemical valences z of Li, Si, and O ions were fixed as the formal valences of +1, +4, and ¹2 under the estimations in this study.
Positional parameters reported in the previous papers for Li 4 Fig. 1 . From the figure, it is noted that the site potentials )(V) for the Li ions in the unit cell of Li 4 SiO 4 are distributed in a region from ¹11.6(V) to ¹17.3(V), while the site potential ) for the Li ion in Li 2 SiO 3 is ¹15.6(V), and the site potentials )(V) for the Li ion in Li 2 CO 3 is ¹14.8 (V). Levels of the site potentials would correspond to strength of chemical bonds in unit cells, that is, cations and anions on sites with deeper site potentials would have stronger chemical bonds. According to the previous paper, 5)8) Li 2 SiO 3 hardly reacts with CO 2 . The site potentials of Li ions in the unit cells of Li 2 SiO 3 is ¹15.6(V). It would be expected that the reason why these Li ions could not react with CO 2 is that the level of ¹15.6(V) is significantly deep or large.
From Table 1 and Fig. 1 for Li 4 SiO 4 , it is found that there are a wide variety of the site potentials )(V) for the Li ions in the unit cell of Li 4 SiO 4 . Because site potential )(V) © charge z(C) of ions = potential energy(J) of the ions, the potential is deeper, the strength of chemical bond could be stronger. Thus, the wide variety of the site potentials )(V) mean that the respective Li ions would have the wide variety of strengths of chemical bonds. Here, it is supposed that a borderline could be drawn between ¹14.2 (V) for the Li(41) site and ¹13.1 (V) for the Li(25) site in Fig. 1 , and then the Li ions on the sites with shallower potentials )(V) than the borderline could easily react with CO 2 .
In the next step, numbers of Li ions in the unit cell of Li 4 SiO 4 were counted with the multiplicity (4 or 2) over and under the borderline in Fig. 1 . It is supposed that the counted Li ions over Fig. 3 . We can view these unit cells from the c-axis. In these unit cells, the Li ions were colored respectively as yellow and green, which correspond with stable and unstable states. Laminar distribution parallel to b-axis consisting of the Li ions having deeper and shallower potentials is readily recognized in Fig. 3 . If we assume that these shallower and deeper potentials for the Li ions would correspond with the reactivity of the Li ions to a reactant coming from outside (CO 2 ), then the Li ions in the yellow parts would preferentially turn to Li 2 CO 3 , while the Li ions in the green parts could be expected to turn to Li 2 SiO 3 through the gassolid reaction at ordinary pressure.
In this study, we estimated site potentials of the respective Li ions in the unit cells of Li 4 In the future, we should try to perform First-principles study on the reaction of Li 4 SiO 4 with CO 2 . Journal of the Ceramic Society of Japan 125 [5] 383-386 2017 JCS-Japan
